Abstract -In this effort, we report the development of a portable inspiratory-expiratory training device for use in rehabilitation of participants with cardiovascular and respiratory motor deficits. The device uses existing airway restriction components to establish a manually adjustable respiratory training apparatus and includes an integrated pressure sensor with custom software to direct and track therapy sessions. The battery-powered system promotes proven rehabilitation methodologies performed at the clinic in a platform to be translated to the home for participants with spinal cord injuries.
I. INTRODUCTION
Spinal cord injuries (SCIs) can occur across a large population of people regardless of health and age. In particular, motor vehicle accidents and falls are the most prevalent causes of SCIs [1] . Of people with SCIs, 58.3% have tetraplegia (SCI between C1-C8 of the spinal cord) and 41.3% have paraplegia (SCI between T1-L5 of the spinal cord). Pulmonary and cardiovascular dysfunction are consistently reported as the leading causes of morbidity and mortality among the 1,275,000 people who are living with a chronic spinal cord injury in the United States.
A. Clinical Problem
SCIs can result in many symptoms with severity and range dependent on the location of the SCI along the spinal cord. Cervical SCIs occurring in the neck region of the spinal cord have a direct negative effect on respiratory pathways and can cause respiratory muscle paresis and/or paralysis. These forms of paralysis often lead to respiratory insufficiencies such as difficulty in breathing, as well as the inability to cough. With the inability to cough normally, failure to remove irritants from the lungs can lead to respiratory infections and possibly lethal infections such as pneumonia. These respiratory infections are the main causes of morbidity and mortality of patients with cervical SCIs.
Currently, there are no rehabilitative therapy methods that have been proven to be clinically effective in restoring respiratory function after spinal cord injury. There are only potential strategies in helping prevent respiratory failure and infections in patients [2] respiratory function and pressure. These existing methods occur mostly in a clinical environment where the patient is under supervision by the clinician who analyzes the patient's data. These methods should be extended to home use to allow patients to regularly exercise at home while also having the ability to save data for clinicians to analyze and track patient improvements. Inspiratory and expiratory training are conducted independently in order to focus on corresponding muscle sets to track SCI patient improvements. Thus, the majority of existing RMT techniques for SCI patients create respiratory resistance only in one direction [3, 4, 5, 6, 7] . Our goal is to provide a RMT technique that trains both inspiratory and expiratory muscle sets in the same therapy session.
There are a handful of existing respiratory training devices that allow users to do RMT at home, but most lack clinical features to assist in a rehabilitative process (i.e. The Breather, [8] ). Some of these devices are also limited in device functionality and user accessibility (i.e. volumetric spirometer). Further, most commercial devices are designed to train inspiratory or expiratory muscles but not the other (i.e. POWERBreathe, [5, 6, 7] ) thus requiring consumers to purchase an entirely separate device to train the other set of muscles. While there are very few respiratory devices that can train both inspiratory and expiratory muscles simultaneously, these devices are very simplistic in design and have arbitrary settings that do not produce usable, clinical data to improve user outcomes. Development of a clinical grade, bi-directional breathing device and a RMT regimen that includes both inspiratory and expiratory muscle training in SCI patients could potentially bring new data to the field of study.
B. Project Goals
The primary goal of this project was to develop an inspiratory-expiratory training device for use in the rehabilitation of users with respiratory motor and cardiovascular deficits. To promote advanced rehabilitative training methodologies developed at the University of Louisville [3] , the system incorporates accurate pressure measurement into a two-way breathing apparatus configured from common respiratory equipment. The system measures and records maximum inhalation and exhalation pressures, has a software interface that sets and monitors pressure threshold levels for training sessions, and guides users through the session.
II. MATERIALS & METHODS
To meet specific aims set out by this project, hardware to develop specified device features were obtained and assembled into a working prototype. Once hardware was designed, fabricated, and tested, the system control software was developed to follow the specified training regimen. System verification and validation tests were conducted after software was transferred into the prototype and debugged.
A. Hardware
A bi-directional breathing apparatus capable of manual airway resistance adjustment was developed using off-the shelf parts ( Figure 1 , HS735-010, HS730-010, Philips Respironics, Andover, MA). This configuration is important to the design to eliminate the need for two separate pressure resistance mechanisms. Having one apparatus that can handle both inhalation and exhalation is more convenient, where typically users are required to remove a mouthpiece and switch between separate therapy devices for inhalation and exhalation.
A disposable, sterilized/sterilizable pressure sensor (PRESS-S-000, PendoTECH, Princeton, NJ) was attached to the pressure port of the assembled breathing apparatus ( Figure  2 ). The pressure sensor was rated for use from -7 to 75 psi (-492.149 to 5273.02 cm H2O) and has an operating temperature of 2 to 50 degrees Celsius (35.6 to 122 Fahrenheit). The pressure sensor accuracy rating was +/-2% for 0 -421.842 cm H2O. A custom instrumentation circuit using a single supply instrumentation amplifier (Texas Instruments, INA122UA/2K5) and 2.5 V low-impedance output voltage reference configured as a voltage follower (Texas Instruments, OPA237UA/2K5) was created to amplify and condition the signal generated by the pressure sensor to be read by a microcontroller (MCU). An Arduino MEGA (2560 REV3, Arduino.cc) MCU provided adequate flash memory and I/O to control the attached devices. Multisim and Ultiboard (14.1, National Instruments, Austin, TX) were used to create the circuit schematic and final PCB design, which was a plugin shield for the Arduino MEGA platform. A data logging shield module with an integrated SD card slot and real-time clock (RTC) was used to store and time-stamp measurement data for data analysis. A 3.2-inch (diagonal) display with integrated, resistive touch input and display resolution of 240 x 320 uLCD-32PTU-AR, 4D Systems, Minchinbury, NSW) was used to display data and provide touch control and visual feedback for the prototype. A custom 3D printed enclosure was developed in SolidWorks (V17, Dassault Systèmes, Waltham, MA) to enclose the electronics and touchscreen display. Figure 3 shows a fully assembled prototype controller.
B. Software
The 4D Workshop IDE (v4.5.0.17) was used to program the touchscreen display with separate pages of controls and indicators, while the Arduino IDE (v1.8.2) was used to code the operational control program on the MEGA. Multiple "pages" increased working space for multiple user inputs and extended touchscreen functionality beyond a single, static user interface (UI). Virtual buttons were programmed onto these pages to provide user input and send messages to the MEGA. These messages contain commands that request the MEGA to perform certain functions of the device such as running a particular test or to save data to the SD card. Virtual level gauges and data trace plots were programmed onto pages of the display to receive measured pressure and operational data from the MEGA and report them on the touchscreen display for user feedback. Figure 4 shows a selection of some of the "pages" of the user interface.
Two primary modes were included in the control program: MEP/MIP mode and Training mode. The MEP (Max Expiratory Pressure)/MIP (Max Inspiratory Pressure) mode was developed to record the max pressures of inhalation and exhalation that a patient can produce. Traditionally, MEP and MIP are two of the parameters that quantify respiratory motor function and are one of the easiest measurements to track for respiratory motor improvement [3] . Training mode configures the devices into a spirometer where users will breathe in and out of the breathing apparatus with threshold valves set to appropriate levels based on the MEP and MIP test (typically 10% initially).
C. Device Verification and Validation
To ensure that the device was measuring pressure accurately, results displayed on the prototype were compared to values reported pressures on a standardized pressure calibrator for verification and validation (Delta-Cal, Utah Medical Products, Salt Lake City, UT). Environmental conditions such as humidity, moisture, and temperature were tested to observe the effect on pressure readings on the expected range of user generated pressures (+/-50 mmHg). After exposing the pressure sensor to various extreme environmental conditions, the sensor was interrogated and compared to the Delta-Cal.
A test of the manual valve settings versus one-way valve cracking pressure was conducted to directly compare the pressure markings on the threshold valves to measured values using the prototype. In increments of 5 cm H2O for both inhalation and exhalation threshold valves, a control subject inhaled and exhaled into the breathing apparatus until the respective threshold valve opened, typically producing an inflection point in the pressure ramp during data collection. This test was to determine the accuracy of the manually adjusted valve graduation marks.
Finally, two volunteers, one with an incomplete SCI and one healthy, were invited to operate the BreathForce prototype to obtain feedback on the operation of the system. Results from these tests were not used for clinical analysis, but only served to improve the overall design of the device. Subjects in future studies will be guided by a proctor to perform protocols and methodologies that have the requisite IRB approval. Session data was saved and user feedback on the UI and comments on the flow of the software was recorded.
III. RESULTS/DISCUSSION

A. Device Verification and Validation Results
The BreathForce pressure sensor produced near 1:1 relationships compared to the Delta-Cal pressure standard across all tests. Table 1 and Figure 5 show summaries of these validation tests which compare the prototype calculated pressure measurement versus a calibrated pressure sensor (Delta-Cal). An R-squared value of greater than 0.99 was obtained for all tests (normal, humidity, moisture, and temperature) which indicated that operationally, the conversion calculations in the system software produced accurate pressure readings.
B. Test of Manual Valves for Cracking Pressure
The valves used in the breathing apparatus are manually controlled in that as the dial setting is adjusted by twisting, a spring increases the force on a one-way valve, making it harder to open the valve when inhaling or exhaling. The accuracy of the cracking pressure was tested using data from subject B and showed an average offset of 6.3 cm H2O and 8.6 cm H2O for the inspiration and expiration devices, respectively. Plots of this error over an inhalation and exhalation pressure cycle from 5 cm H20 to 40 cm H2O are shown in Figure 6 and Figure 7 , respectively. This deviation is not surprising since the breathing devices are for general use and not precision delivery of respiratory therapy. A detailed study on this phenomenon 
C. Data Acquisition Rate Verification
Data acquisition rates improved slightly as the software was modified between version testing and receiving user feedback. These minor optimizations of the MCU code provided a roughly 20 percent increase in the sample rates obtained (Table 2) , but in general, the MCU struggled to perform the dual task of updating the display during sample collection which limited the ability to further improve the sampling rate. Despite this limitation, at an average sample rate of approximately 26 Hz, the prototype was able to generate acceptable graphical representations of the pressure waveform. Future devices will incorporate a separate MCU dedicated to acquisition which will greatly improve the sample rate. Figure 8 shows a sample of the data saved to the memory card during RMT.
IV. CONCLUSION
Based on the results of the validation tests, the BreathForce prototype replicates the simple therapy features of existing clinical RMT training devices at a low cost (~ $250) while also providing benefits such as MEP/MIP testing, personalized training regimens based on MEP/MIP tests, portability, live data capture for later use, and feedback to the patient by guiding them through the therapy sessions. Plans are underway to use the device with SCI patients in a clinical setting upon IRB approval. Additional prototypes will be fabricated to support these studies.
While still in the prototype stage, BreathForce is fully functional, yet remains incomplete, with much potential for improved data acquisition, a wider variety of evaluation capabilities, and improved features for the end user and clinician. Future hardware developments include the transition from manually adjustable threshold valves to electronic proportional valves that restrict airflow during therapy in a more consistent manner than was seen in the spring-loaded, manually set threshold valves. Another planned improvement is the development of a fully wireless breathing apparatus that will be paired to a smartphone with an app-based interface that will function similar to the prototype touchscreen display. This consideration would shift all electrical components from the processing unit to the breathing apparatus and eliminate extra hardware making the device even more compact and portable while still allowing SCI users to interact with the training software and receive visual feedback during RMT. Data would also then be easily sent via e-mail or a back-end server to clinicians and therapists who could immediately analyze for patient improvments and instruct the patients to adjust the device settings as they progress. 
